INTRODUCTION
IgG4-related disease (IgG4-RD) is a recently recognized systemic autoimmune disease, often manifest as inflammatory masses. This systemic disease was first recognized as a disease of a single organsclerosing pancreatitis [now called autoimmune pancreatitis type I (AIP)] -by Sarles et al. in 1961 [1] . Involvement of other organs has been recognized more recently [2, 3] . IgG4-RD has now been described in nearly every organ system [3] [4] [5] [6] [7] 8 && , [9] [10] [11] (see Table 1 for common manifestations). The fibroinflammatory lesions in different organs often show striking histologic similarity [12 & ]. Based partly on this histologic similarity, some diseases previously thought to represent diseases of a singleorgan system or related organ systems have now become recognized as part of the spectrum of IgG4-RD: these include Mikulicz's disease, Riedel's thyroiditis, and some cases of idiopathic hypocomplementemic tubulointerstitial nephritis (TIN) [13-16,17 & ]. The link between IgG4 and AIP was elucidated in 2001 by Hamano et al. [18] , who found increased serum IgG4 levels in patients with AIP.
Hamano et al. [19] later demonstrated tissue infiltration by IgG4 þ plasma cells in the pancreas in AIP. Eventually, Kamisawa et al. [3] made the leap to systemic disease by showing increased IgG4 þ plasma cells in AIP patients compared to controls not only in the pancreas, but also in other organs and tissues. These findings, supplemented by IgG4 immunostaining of tissue, paved the way to identify other organs involved by IgG4-RD.
In the kidney, IgG4-RD manifests most commonly as TIN. Glomerular disease, in particular membranous glomerulonephritis (MGN), may also be seen in IgG4-RD. This review presents the recent literature related to IgG4-RD as it affects the kidney.
PRESENTING FEATURES OF IgG4-RELATED KIDNEY DISEASE
IgG4-RD in the kidney may present as inflammatory masses evident on radiographic studies, as acute or progressive chronic renal failure, or both [20 && ]. Tissue samples of the radiographic lesions reveal TIN [21] . Patients with TIN may have mild proteinuria and microscopic hematuria; those with membranous glomerulonephritis present with heavy proteinuria or nephrotic syndrome [22] . Other patients may present with obstruction related to retroperitoneal fibrosis or ureteral inflammatory pseudotumor [19, 23] . Renal involvement is collectively referred to as 'IgG4-related kidney disease', as proposed in the nomenclature consensus statement from the International Symposium on IgG4-Related Disease, held in Boston, Massachusetts, USA, in October 2011.
IgG4-RELATED TUBULOINTERSTITIAL NEPHRITIS
The most common pattern of involvement by IgG4-RD in the kidney is TIN. TIN that occurs as part of IgG4-RD, referred to as 'IgG4-related tubulointerstitial nephritis' (IgG4-TIN), is a specific type of autoimmune TIN that can be distinguished from other types by clinical, laboratory, radiographic, and histologic and immunophenotypic features [24] . TIN associated with AIP was first described in 2004 in case reports from Japan [25, 26] . Since then, TIN has been identified in IgG4-RD patients both with and without pancreatic involvement; some patients appear to have renal involvement only. Saeki et al. [27 && ] and Raissian et al. [20 && ] have collected data on the two largest biopsy series of IgG4-TIN at 23 and 35 cases, respectively. Both of these series showed many clinical and histologic features of renal disease in the kidney that have also been encountered in the pancreas, namely, radiographic abnormalities,
KEY POINTS
IgG4-RD is a systemic autoimmune disease usually manifest as inflammatory masses; it can affect nearly any organ system. The most common renal involvement by IgG4-RD is TIN. This type of TIN can be distinguished from other types by clinical, histologic, immunophenotypic, serologic, and radiographic features.
Membranous glomerulonephritis may also be secondary to IgG4-RD.
Elevated serum IgG4 and tissue IgG4 is characteristic of IgG4-RD, but the role of this unusual antibody is unknown. plasma cell-rich inflammatory infiltrates with increased IgG4 þ plasma cells, elevated total IgG or IgG4 levels in the serum, presence of other organ involvement, and rapid response to steroid therapy. Features specific to the kidney are detailed below.
Clinical features of IgG4-TIN
As with IgG4-RD in general, most patients with IgG4-TIN tend to be older (mean age 65 years) and men ($80%). The Japanese study [27 && ] included only Japanese patients; the Raissian et al. [20 && ] series from North America contained patients from other racial and ethnic groups, mostly Caucasian. Most patients (57 and 76%, respectively, in the Saeki and Raissian series) have acute or progressive chronic renal failure at the time of renal biopsy, whereas in the other patients the primary indication for biopsy or nephrectomy is a renal radiographic lesion; many patients have both renal failure and radiographic lesions.
Over 80% of patients in the Raissian et al. biopsy series had other organ involvement, either concurrently or prior to the recognized renal involvement. The most common extrarenal sites affected were the pancreas and liver; other involved organs included the salivary or lacrimal glands, lung, gallbladder, aorta (inflammatory abdominal aortic aneurysm), heart (pericarditis), skin, retroperitoneum or ureter (retroperitoneal fibrosis), sinuses, lymph nodes, joints (inflammatory arthritis), prostate (prostatitis), pituitary, thyroid, and colon (inflammatory bowel disease), and pseudotumors in the orbit, paraspinal soft tissue, and testis.
Laboratory features of IgG4-TIN
Elevated serum total IgG and IgG4 subclass levels have been observed in approximately 70-80% of AIP patients [28 & ] and can be a useful indicator of IgG4-RD in the appropriate clinical setting. Similarly, in IgG4-TIN, almost 80% of patients with measurements available in a series of IgG4-TIN had elevated serum total IgG or IgG4 levels; not all of these patients had serum IgG subclass levels measured, but of the subset that did, 92% had an elevated serum IgG4 [20 && ]. The finding of an elevated serum IgG4 alone is not specific for IgG4-RD, as 5% of the normal population and 10% of pancreatic cancer patients have an elevated serum IgG4 level [29] , so IgG4 levels should be interpreted in the clinical context.
Other common laboratory features are hypocomplementemia (decreased serum C3 or C4 levels), seen in 56-78% of IgG4-TIN patients, and peripheral blood eosinophilia, seen in 33-48% of IgG4-TIN 
Radiographic features of IgG4-TIN
Radiographic lesions of IgG4-TIN are commonly bilateral and multiple, and predominantly involve the renal cortex; they are best visualized on contrastenhanced computed tomography scan (see Fig. 1 ). Renal parenchymal lesions can be classified as small peripheral cortical nodules, round or wedgeshaped lesions, a large solitary mass, or diffuse patchy involvement [30] . The radiographic differential diagnosis of renal parenchymal lesions includes lymphoma, metastases, pyelonephritis, and vasculitis.
In a histopathologic study of patients with IgG4-TIN on tissue specimens, 78% with available radiographic data showed radiographic lesions [20 && ]. Overall, 77% of these patients had renal insufficiency, which was in most cases the reason for renal biopsy. As would be expected, the mean serum creatinine was lower in patients with renal tissue specimens obtained primarily for mass lesions compared to those biopsied for renal failure (1.4 versus 4.2 mg/dl, respectively) [20 && ].
Biopsy features of IgG4-TIN
By light microscopy, IgG4-TIN shows a plasma cell-rich interstitial inflammatory infiltrate. There is a range of histologic appearances, from acute TIN with minimal fibrosis, to an intermediate pattern with some interstitial fibrosis but still a marked inflammatory infiltrate, to a densely fibrotic, paucicellular pattern with extensive tubular destruction and atrophy. The fibrosis often has a 'storiform' pattern as seen in other organs involved by IgG4-RD [31] . All cases by definition show TIN with increased plasma cells, as well as mononuclear cells. Some cases show numerous eosinophils and may be confused as allergic TIN due to a drug. Focal mild mononuclear cell tubulitis is seen in most cases, and eosinophilic or plasma cell tubulitis may also be seen. In some cases, tubules are destroyed and only fragments of tubular basement membranes (TBMs) can be appreciated on PAS-stained or silver-stained sections (see Fig. 2 ). Glomeruli generally appear normal or show mild mesangial matrix expansion or hypercellularity. If there is a concurrent MGN, then glomeruli may show thickened glomerular capillary loops, glomerular basement membrane 'spikes' on silver or PAS stains, or subepithelial immune deposits on a trichrome stain. Arteries show no specific features in IgG4-TIN.
By immunofluorescence, more than 80% of cases show TBM immune complex deposits, which stain for IgG and kappa and lambda light chains, usually for C3 with lesser intensity, and occasionally for C1q [20 && ]. Biopsies can show focal or diffuse granular TBM staining. Immunofluorescence staining for IgG subclasses reveals IgG4-dominant TBM deposits, although other IgG subclasses are variably present (L.D. Cornell, unpublished observation). TBM deposits are found more frequently in specimens with interstitial fibrosis. Deposits are found only in areas of the fibroinflammatory process and not in adjacent unaffected areas [20 && ]. Glomeruli are negative by immunofluorescence, unless there is a concurrent immune complex glomerulonephritis.
Specimens with deposits seen by immunofluorescence show corresponding amorphous electrondense deposits by electron microscopy [20 && ]. Glomeruli typically are free of deposits, unless there is a concurrent MGN, in which case there are numerous subepithelial electron-dense deposits.
Value of IgG4 staining and differential diagnosis of IgG4-TIN Zhang et al. [32] have found that in the pancreas, immunohistochemical staining for IgG4 helps to distinguish AIP from other forms of pancreatic inflammation, including chronic alcoholic pancreatitis and inflammatory infiltrates surrounding pancreatic cancers. The situation is more complicated in the kidney, in which inflammatory infiltrates from An immunoperoxidase stain for IgG4 shows a marked increase in IgG4 þ plasma cells. Tubular basement membrane deposits can be seen (arrow) and were also seen by immunofluorescence.
various causes give a pattern of TIN. Raissian et al. [20 && ] examined the concentration of IgG4 þ plasma cells in IgG4-TIN and in a variety of other forms of TIN that could mimic IgG4-TIN clinically and histologically. The authors found a sensitivity of 100% [95% confidence interval (CI), 0.9-1] and specificity of 92% (CI 0.86-0.95) using a cut-off of focal moderate (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) IgG4 þ cells/40Â field) to marked (>30 IgG4 þ cells/40Â field) increase in IgG4 þ plasma cells for distinguishing IgG4-TIN from other forms of TIN, with the exception of inflammatory infiltrates in pauci-immune necrotizing and crescentic glomerulonephritis. In pauci-immune glomerulonephritis, approximately 30% of cases showed a moderate to marked increase in IgG4 þ plasma cells; others have made this observation in the kidney as well [33] . Similar findings have been noted in granulomatosis with polyangiitis (Wegener's) affecting other organs [34] . The absence of serum anti-neutrophil cytoplasmic antibodies (or antimyeloperoxidase or antiproteinase 3 antibodies) and the absence of necrotizing or crescentic glomerulonephritis on the tissue specimen help to exclude pauci-immune glomerulonephritis as a cause of the interstitial inflammation in these cases. Focally increased IgG4 þ plasma cells are seen in a few other causes of interstitial inflammation, including chronic pyelonephritis; these other causes usually can be distinguished by other clinical and histopathologic features. Notably, nearly all cases of Sjögren syndrome-related TIN did not show increased IgG4 þ plasma cells. Clinicians and pathologists should keep in mind that IgG4 staining alone is not diagnostic of IgG4-related disease.
Diagnosis of IgG4-TIN
Two studies, from Japan and from North America, have proposed diagnostic criteria for IgG4-TIN [20 && ,35 && ]. Both propose similar criteria that include histologic findings, serology, other organ involvement, and radiographic features (See Table 2 ). Both studies point out the need to exclude other diagnoses that may show increased IgG4 þ plasma cells, in particular granulomatosus with polyangiitis (Wegener's), Churg-Strauss syndrome, and plasma cell myeloma or lymphoproliferative disorders with plasmacytic differentiation (the latter two show monotypic staining for light chains).
Response to therapy
Similar to AIP, IgG4-TIN also usually shows a rapid response to steroid therapy. In both the Saeki and Raissian series, 90% of patients with elevated serum creatinine at presentation who were treated with steroids showed decreased creatinine at follow-up, from 1 to 36 months, including 90% at 1 month follow-up in the Saeki series. Although TIN of any cause may respond to steroid therapy, IgG4-TIN tends to show a more brisk response, even in cases with severe interstitial fibrosis on the biopsy sample. Although IgG4-RD in general shows a rapid response to steroid therapy, the disease, including IgG4-TIN, may relapse after treatment [36, 37] . A small case series described a response to rituximab in IgG4-RD patients refractory to steroid treatment [38] , and one patient in the Raissian series of IgG4-TIN who was steroid-dependent showed a response to rituximab (unpublished data). Longer term follow-up data will need to be collected on IgG4-RD patients who have been treated with steroids or other immunosuppressive agents.
OTHER RENAL INVOLVEMENT
In addition to TIN, other patterns of renal involvement have been described in IgG4-RD: glomerular disease (detailed below), ureteral inflammatory pseudotumor or retroperitoneal fibrosis, which may lead to renal failure [19, 23, 39] , and chronic sclerosing pyelitis [40] .
Glomerular disease
Glomerular diseases have been described in patients with IgG4-RD, mostly in the form of case reports or as a part of TIN case series. In a clinical series of Kawano et al., 11 of 28 (39%) patients were reported to have some type of glomerular lesion. Table 3 presents a list of published apparent unique cases of glomerular disease, most of which appear in patients who also have TIN. As most case reports and series of IgG4-related kidney disease (IgG4-RKD) are a priori TIN, and glomerular disease a secondary finding, this list of cases likely overestimates the prevalence of TIN in IgG4-related glomerular disease. MGN is the most commonly observed glomerular disease, present in approximately 7% (4 of 58) of IgG4-RD patients in two biopsy series of renal parenchymal involvement by TIN, and has been noted in several case reports (see Table 3 [41] [42] [43] [44] [45] [46] . For consistency, MGN in the setting of IgG4-RD is referred to as 'IgG4-related MGN', although we recognize that primary ('idiopathic') MGN is also an IgG4dominant disease [49, 50] . IgG4-related MGN may occur in patients without TIN but with other features of IgG4-RD: one series of MGN in IgG4-RD patients showed that 50% lacked concurrent TIN on the biopsy [22] . Of note, MGN does not show the same clinical response to steroid therapy as the fibroinflammatory manifestations of IgG4-RD [22] . In contrast to TIN, TBM deposits are uncommon in IgG4-related MGN. There have been two published case reports of IgG4-related MGN that have shown negative serologic testing for antibodies against M-type phospholipase A(2) receptor, a finding that argues against primary MGN in these patients [41, 44] .
Other glomerular diseases have been variably reported in IgG4-RD, including IgA nephropathy/ Henoch-Schönlein purpura and membranoproliferative glomerulonephritis [ A pattern of mesangial proliferative glomerulonephritis with immune complex deposits, without a more specific diagnosis, has also been described [21,27 && ]. Although common in patients without AIP, diabetes mellitus may be a manifestation of AIP due to pancreatic endocrine insufficiency, and this may also affect the glomeruli in the form of diabetic glomerulosclerosis.
In addition to these published cases, there have been 3 cases of minimal change disease of 116 IgG4-RKD cases presented in regional meetings in Japan between 2004 and 2011 (T. Saeki, personal communication).
IgG4 AND PATHOGENESIS OF IgG4-RD
IgG4 is an unusual immunoglobulin molecule. Compared with IgG1, IgG4 has a different amino acid sequence in the hinge region that results in weaker interchain disulfide bonds and a high rate of dissociation of the immunoglobulin half-molecules (heavy plus light chain) [51] [52] [53] . IgG4 molecules may be bispecific, that is, a whole antibody with two different antigen specificities. In this way, the IgG4 molecule cannot fix complement by the classical pathway and does not precipitate antigen. IgG4 may also bind and thereby block antigen from access by more pathogenic antibodies such as IgG1 or IgE [51] . IgG4 is typically found in conditions of chronic antigen exposure, for example, veteran beekeepers have high IgG4 titers directed against bee venom [54] .
Despite being thought of as an 'anti-inflammatory' immunoglobulin, IgG4 nevertheless is often found in high levels in IgG4-RD, both in the serum and in the tissue as infiltrating plasma cells and as part of immune complex deposits. These immune complex deposits are better recognized in the kidney because of the routine use of immunofluorescence in medical kidney biopsies. Basement membrane deposits have also been observed in the pancreas and salivary glands [4] . Although the mechanism is unknown in IgG4-RD in particular, IgG4 molecules may fix complement via the lectin pathway in primary MGN [55] , and there is evidence of IgG4lectin interaction in IgG4 antibodies to banana [56] . IgG4 also can show a peculiar rheumatoid factor activity: in contrast to a typical rheumatoid factor, in which the Fab portion of an antibody is directed against the Fc portion of an IgG molecule, the IgG4 molecule binds another IgG4 molecule and some forms of IgG1 molecules by Fc-Fc interactions [57] . These mechanisms could explain the immune complex formation seen in IgG4-RD. Whether IgG4 is pathogenic or serves as a bystander is unknown. It is also unknown whether the specificity of the IgG4 molecule is important in IgG4-RD. IgG4-RD is often referred to as a systemic autoimmune disease; an alternative explanation is that it represents a chronic allergic disorder [58 & ]. Indeed, patients with IgG4-RD are more likely than control patients to have other allergic disorders and eosinophilia [59] .
IgG4-RD, including IgG4-TIN, shows evidence of a T helper 2-dominant immune response, both in examination of peripheral blood mononuclear cells and in affected tissue in this disease [58 & , [60] [61] [62] [63] [64] . IL-10 has an effect on IgG4 versus IgE class switching and may be required for IgG4 classswitched B cells to differentiate into IgG4-secreting plasma cells [63, 65] . In IgG4-RD, one may speculate that an initial insult occurs, with resulting production of anti-inflammatory cytokines, including IL-10 and tumor necrosis factor-alpha, along with fibrogenic IL-13, which then drive increased fibrosis, induction of IgG4 class-switched B cells, and production and massive expansion of IgG4secreting plasma cells. Details of a specific mechanism of this disease and its relationship to IgG4 and unusual histopathologic and radiographic features, however, remain to be elucidated.
CONCLUSION
IgG4-RD is a newly recognized, systemic, autoimmune disease that has been recognized to affect the kidney, usually in the form of plasma cell-rich TIN with immune complex deposits. MGN may also be secondary to IgG4-RD, with or without concurrent TIN. The fibroinflammatory manifestations of IgG4-RD (including TIN) typically show a brisk response to steroid therapy; refractory patients respond to rituximab. Longer term, follow-up data of treated patients will need to be collected. The role of IgG4, an antibody with unusual characteristics, is unknown.
